The simulation, fabrication and characterisation of nanographite MEMS resonators is reported in this paper. The deposition of nanographite is achieved using plasma-enhanced chemical vapour deposition directly onto numerous substrates such as commercial silicon wafers. As a result, many of the reliability issues of devices based on transferred graphene are avoided. The fabrication of the resonators is presented along with a simple undercutting method to overcome buckling, by changing the effective stress of the structure from ~ 436 MPa compressive, to ~13 MPa tensile. The characterisation of the resonators using electrostatic actuation and laser Doppler vibrometry is reported, demonstrating resonator frequencies from 5 to 640 kHz and quality factor above 1819 in vacuum obtained.
Introduction
Carbon-based films such as thin film graphite (multi-layer graphene), graphene and diamond-like carbon (DLC) are emerging materials for use in MEMS/NEMS applications [1] [2] [3] . The materials possess good electrical conductivity [4] , mechanical properties [5, 6] and chemical inertness [7] . Consequently, these carbon thin films have attractive properties for MEMS and NEMS, for example for usage as ultrasensitive mass and strain sensors [1, 8, 9] and NEMS switches [10] [11] [12] .
The commonly used synthesis routes for these materials are not conducive for the scalable fabrication of MEMS/NEMS, however. For example, resonators fabricated using thin films of graphite and singlelayer graphene [1] , obtained from mechanically exfoliated graphite, are limited in size and shape.
Another commonly used synthesis method for graphitic films is using thermal chemical vapour deposition (CVD) onto metal or germanium catalysts [13, 14] . However these need to be transferred to a device-compatible substrate, which leads to defects such as wrinkles and tears [15, 16] , and gives poor control over the strain across the film [17] . The transferal process of graphene from the catalyst to the device substrate is a major issue in reliably fabricating graphenic MEMS and NEMS. DLC films do not require transfer and may be deposited directly onto suitable substrates such as silicon and silicon dioxide, using plasma-enhanced CVD (PECVD) [18] or physical vapour deposition [3] .
However, DLC is typically under a high state of stress (~1 to 10 GPa [19] ) which commonly leads to buckling [3] of released structures, which has limited the use of DLC in released MEMS.
PECVD nanocrystalline graphite and graphene (nanographite and nanographene) thin films represent a recent material development for carbon-based MEMS and have been used in buckled microstructures [20] and in buckled NEMS switches [12] . Nanographite films are comprised of graphene domains on the order of 30 to 50 nm [20] and may be deposited onto large-scaled substrates such as 150 mm silicon wafers [21] . Nanographite is comprised of sp 2 bonded carbon [22, 23] and has a Young's modulus of 23 GPa [20] . The growth of nanographite is non-catalytic and its structure is similar to layers of polycrystalline graphene with nano-scaled grains [12] . Ultra-thin nanographene films of 5 nm thickness have recently been used in NEMS switches with reversible performance and pull-in voltage < 3V [12] . Nanographite has been used in various electrical applications such as Schottky diodes [24] , Schottky diode photodetectors [25] , photovoltaics [26] , transparent conducting electrodes [21] and strain gauges [27] .
Suspended nanographite structures, like DLC and graphene NEMS structures, often suffer from buckling [3, 12, 20, 28] . The buckling is due to large built-in compressive stresses of the thin films, and is generally deleterious to the performance of released MEMS and NEMS, since the large non-linear deflection of the structure is difficult to model and creates difficulty in device performance. Previous work on released nanographite structures and switches showed the promise of nanographite-based MEMS and NEMS, although there was no clear method to fabricate freestanding structures with no buckling.
This work demonstrates the fabrication and characterisation of nanographite MEMS resonators. A method to fabricate the structures without buckling using standard micromachining is reported. This work further highlights nanographite as a promising material for MEMS, by measuring the resonator properties of suspended cantilever and beam structures.
Deposition and device design

Deposition and material characterisation
Nanographite films were deposited onto 150 mm diameter silicon wafers using a commercial PECVD tool (Oxford Instruments Nanofab1000 Agile). The deposition conditions are summarised in table 1.
The carbon precursor is CH4, which is dissociated into various free radicals such as CHx, C2Hy, C3Hz during the reaction [23] . The H2 acts as a diluent, controlling deposition rate and promoting graphitic carbon growth by etching amorphous carbon [29] . A deposition rate of approximately 2 nm per minute was measured with the conditions described in table1. Raman spectroscopy (Renishaw inVia) was used to characterise the structural properties of the nanographite film, using a 532 nm wavelength excitation laser. A Raman spectrum obtained from a nanographite thin film is shown in figure 1 , with the main peaks highlighted. The D peak at 1350 cm -1 arises from defects within the graphite lattice, such as grain boundaries and dislocations [30] . The G (1593cm -1 ) and 2D (2690 cm -1 ) peaks arise from graphitic bonded carbon. D+D' (2934 cm -1 ) is related to the defects in the material. The amplitude of the D peak with respect to the G peak ID/IG of 1.7 shows that this is nanocrystalline graphite [31] . X-ray reflectivity was performed on a nanographite film (Panalytical X'pert Pro X-ray diffractometer). The fitted data was used to obtain the mass density of 1900 kg m -3 . nanographite layers were fully etched using CHF3-and O2-based RIE, respectively. Titanium/nickel electrodes of 5/50 nm thickness are deposited over the wafer using e-beam evaporation (Leybold LAB700) and patterned using lift-off, figure 2(b). The final step is to release the 10 µm-wide beam structures from the substrate using HF vapour, figure 2(c). 
where E is the Young's modulus, ρ is density and thickness is h and L is the length. However, the fabricated resonator structures have two main imperfections which cause deviation from the ideal values of f0: (i) there is an undercut of the beam, which adds an effective length ΔL [34, 35] to the beam, since this section is free to deflect and is therefore compliant; (ii) there is curvature of the cantilever beam and anchors caused by a stress gradient σgrad through the thickness of the film. σgrad is assumed to be linear and can be calculated [36] ,
where κ is the curvature and ν is the Poisson ratio. The curvature of released cantilever beams can be measured by SEM inspection, and in this work the stress gradient for a typical graphite cantilever (5 cantilevers of length 75 to 150m, width 10 m, thickness 350 nm were measured) σgrad was calculated as 49.5 MPa, taking E and ν as 23 GPa and 0.25 respectively [20] .
To take account of the two fabrication imperfections of the structure, the cantilever beams of length 75, 100 and 150 m long, 10 m width and 350 nm thick were modelled using finite element (FE) analysis. A 25 m undercut was included for all beams. The FE model used 2D, layered, shell elements, and σgrad was modelled by applying a linear variation in the thermal expansion coefficient of each layer of the shell such that the defined thermal stress gradient was equal to the experimentally measured σgrad= 49.5 MPa and the average stress σ0 was 436 MPa compressive.
Firstly, note that changes in cantilever resonance frequency due to small changes in curvature (i.e.
bending) are negligible [37] . Thus the stress has negligible effect on the resonance frequencies of the released cantilevers [38] , essentially because the cantilever has a free end to allow deformation or bending which relieves the stress, although the presence of a total (i.e. nett) surface stress can be important for ultrathin cantilevers [39] . Given that the simulation results of resonant frequency (see figure 4 ) yield a consistently lower value of f0 than the result of equation (1) In this example L was found to be 4.85 m. However, the actual undercut Lu is 25 m. Gavan et al [30] observed a similar result on the effect of undercut using silicon nitride cantilevers, finding a L value of 6.7 m whereas the undercut Lu=12.5 m. This effect arises because the relatively greater width of the overhang means the overhang section is less compliant than the beam due to the higher value of the second moment of area, and thus Lu >L. (3) can only provide an approximate value of a cantilever resonance. This is not surprising given that the width of a cantilever varies in the undercut section and this changes the resonance [35] , yet equation (3) does not explicitly contain terms in the width. More accurate calculations of resonance frequency can be made using either analytical or finite element methods [40, 41] but given the many experimental uncertainties in the fabrication of thin nanographite films (e.g.
variations in E, , and thickness), equation (3) is probably adequate for most design purposes. 
Design of doubly-clamped beam resonators
Doubly clamped beams were modeled with the same material and stress parameters (σ0 = 436 MPa and σgrad= 49.5 MPa) as for the cantilevers, and using beam lengths of 75, 100 and 150 µm. Finite Element modeling is the preferred model approach as analytical expressions for clamped beams with compressive stress are overly complicated for our purposes, and in particular for buckled beams.
Static FE analysis shows the mechanism by which the doubly-clamped beams progress from a buckled and compressive state to a tensile-stress state, as highlighted in figure 5 (a-e) . At zero and small undercuts, the doubly-clamped beam may be considered as a beam with rigid anchors. The built-in stress of the beam is compressive, and the magnitude (436 MPa) is higher than the critical buckling stress, which is approximately ~1 MPa as given by the Euler buckling limit The fundamental resonance frequency of a doubly-clamped beam with an undercut, which is not buckled and is under tensile stress (t), may be modelled analytically by [35] ,
where, as described previously, the extra length L is incorporated into the standard expression to account for the undercut. As the geometric undercut is equal to that of the cantilevers (each are etched in the same procedure), the value of ΔL is assumed to be identical for the doubly clamped beams.
Experimental characterisation of resonators
The released devices were electrostatically actuated by applying a voltage V = VDC + VAC •cos (2πft) between the beam and the grounded silicon substrate. Here VDC is the DC bias and VAC is the amplitude of the AC voltage bias, applied at frequency f. This generates an electrostatic force Fe applied to the beam which, ignoring high order terms in Vac, may be calculated as [42] , 
Results and discussion
The resonators were characterised by measuring their natural frequency and Q. The majority of the results were performed in ambient conditions. Only one device, a doubly clamped beam, was wire bonded to enable testing under vacuum. The inset of figure 7 shows the frequency response of a doubly-clamped beam of length 100 m under vacuum. The Q value of the resonance peak is >1819, which is considerably higher than any value measured under ambient conditions, where Q is typically under 10. Undercutting the anchors is a simple way to obtain tensile-stressed structures from a compressivelystressed material. This could have potential applications for different types of MEMS devices. For example, many doubly-clamped beam structures fabricated from carbon thin films such as DLC, nanographite and graphene appear to suffer from buckling [3, 12, 43] , which greatly increases unreliability and irreproducibility. Furthermore, the stiffness and geometry of an out-of-plane MEMS or NEMS switching device could be trimmed using this undercut method, thereby altering the pull-in voltage. 
Conclusions
The fabrication and characterisation of MEMS nanographite resonators has been presented. The deposition of nanographite was achieved using PECVD, and this enabled fabrication of devices using standard MEMS micromachining technology.
Although the material is under a high compressive stress, undercutting the anchors of the beam structures enables the stress gradient σgrad in the film to lift up the beam anchors, and thereby 'pull' the beam tight. This is a technique which may be of wide-ranging interest, as a large number of carbon doubly-clamped devices suffer from buckling [3, 12, 43] . The large-scale and reproducible synthesis route of nanographite is well-suited for MEMS and NEMS applications, and the results show that nanographite is a promising material for MEMS resonators. Furthermore, due to the electrical conductivity, low Young's modulus of 23 GPa [20] , and low stiction compared with metals [11] , nanographite is a very attractive material for NEMS switches [12] .
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